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ABSTRACT 

The kinetics of oil generation from retorting of various 
Australian shales have been investigated under both nitrogen and 
carbon dioxide sweep gas conditions. Experiments were conducted 
both isothermally and nonisothermally with linear temperature 
control, in a unique fixed bed retorting system. The kinetics of 
these shales were directly compared with those of eastern and 
western U . S .  shales, previously studied on the same experimental 
s ys tem. 

The pyrolysis of the investigated Australian shales was 
found to comply with first-order global kinetics witin the limits 
of experimental error. The activation energies calculated were: 
217.2 kJ/gmole (CO ) and 114.8 kJ/gmole (N ) for Condor shale: 
252.2 kJ/gmole (C02) and 190.1 kJ/gmole (Ni) for  Rundle shale: 
154.0 kJ/gmole (C02) and 127.4 kJ/gmole (N ) for Stuart shale. 
The average Fisher'assay of these shales afe 62 cc/kg for Rundle, 
63 cctkg for Condor, and 100 CC/kg for Stuart shale. 

INTRODUCTION 

An experimental study has been performed in order to obtain 
the retorting kinetics of oil generation from various Australian 
Tertiary oil shales under both nitrogen and carbon dioxide sweep 
gas conditions. The carbon dioxide retorting has been investigated 
first by Lee et al. and proven efficent for the western U.S. type 
oil shale (1). Therefore, the rather nonconventional carbon 
dioxide retorting a s  well as the conventional nitrogen retorting 
has been applied to Australian shales. 

The shale samples studied were taken from the Kerosene 
Creek member of the Stuart deposit, the Ramsey Crossing member of 
the Rundle deposit, and the Brown oil shale unit of the Condor 
deposit, all of which are located along the coastline of 
Queensland. Australia. 

In order to obtain an unbiased comparison and to eliminate 
unaccountable systemic errors, a unique fixed bed retorting system 
was used to determine the kinetic parameters of each shale (2). 
Both the isothermal and nonisothermal retorting techniques were 
employed for the kinetic measurements. and the results compared 
favorably with each other. The pyrolysis of the Australian shales 
under investigation were found to comply with global first-order 
kinetics within the limits of experimental errors. 
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THEORY 

Three experiments for each shale under different isothermal 
conditions vere carried out and the global power-lav type rate 
expression vas applied to analyze the data: 

= A[exp(-E/RT)](l-x)” 

where x is the kerogen conversion based on the Fisher assay oil 
yield, E is the activation energy, kJ/gmol, A is the Arrhenius 
frequency factor, l/sec. and n is the reaction order. 

The nonisothermsl technique eliminated the uncertainty of 
the initial heat-up period which had been an inherent problem with 
a fixed bed type retorter for an isothermal measurement. The 
kinetic parameters vere obtained for the condition that a linear 
heating rate be maintained. The choice of a linear heating rate is 
to facilitate an easier mathematical analysis. For an overall 
first-order reaction, one obtains the following equation by 
integration (1): 

-ln(l-x) = AE -uU-2 - 2e-~u-31 

where C is the heating rate (dT/dt) in C/min and u=E/RT. 
Rearranging equation (2) yields 

= %[(1 - ZRT/E) exp(-E/RT)] 
T2 

( 3 )  

Taking natural logarithms 

A plot of ln[-ln(l-x)/T2] 
plot for RT/E << 1 .  gives 

on 

In 

both sides of equation (3) gives 

( ~ ( 1  A R  - 2RT/E)) - E/RT (4) 

V S .  1/T, vhich turns out to be a linear 
the activation energy and the kinetic 

frequency factor for-a first-order kinetics from the slope and 
intercept, respectively. The goodness of fit was a good indication 
of the validity of the assumed reaction order. A similar analysis 
can be done for an n-th order kinetics using successive 
approximation of exponential integrals and the best fitting order 
can be found by a regression technique (3). 
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EXPERIMENTAL SYSTEM A N D  PROCEDURE 

A s c h e m a t i c  d i a g r a m  o f  t h e  a p p a r a t u s  u s e d  f o r  t h i s  s t u d y  
a n d  a d e t a i l e d  d e s i g n  o f  r e t o r t e r  i n t e r n a l s  are  p u b l i s h e d  e l s e w h e r e  
( 2 ) .  Some o f  t h e  f e a t u r e s  o f  t h i s  r e t o r t i n g  s y s t e m  a r e  c o n s i d e r e d  
t o  b e  s p e c i a l  o r  u n i q u e .  T h e s e  f e a t u r e s  i n c l u d e  t h e  u s e  o f  a 
s t a i n l e s s  s t e e l  w i r e  mesh  d i s t i b u t o r  p l a t e ,  so t h a t  a w e l l - d e f i n e d  
f l u i d  d y n a m i c  c o n d i t i o n  i s  a c h i e v e d  w i t h  a m i n i m a l  p r e s s u r e  d r o p ,  
t h e  use o f  a q u i c k  o p e n i n g  a n d  c l o s i n g  b a l l  v a l v e  w h i c h  p e r m i t s  t h e  
i n s t a n t a n e o u s  l o a d i n g  o f  a s a m p l e  i n  a d d i t i o n  t o  p e r m i t t i n g  t h e  
a p p l i c a t i o n  o f  b o t h  i s o t h e r m a l  a n d  n o n i s o t h e r m a l  t e c h n i q u e s  t o  t h e  
same r e t o r t e r ,  i n t r o d u c i n g  a c h r o m e l - a l u m e l  t h e r m o c o u p l e  d i r e c t l y  
i n t o  t h e  s h a l e  b e d  t o  o b t a i n  g o o d  t e m p e r a t u r e  c o n t r o l  a n d  
m e a s u r e m e n t s ,  a n d  by c o n n e c t i n g  t w o  s p e c i a l l y  d e s i g n e d  g r a d u a t e d  
U - t u b e s  i n  s e r i e s  w h i c h  a l l o w s  t h e  c o n d e n s a b l e  p r o d u c t  t o  s e t t l e  i n  
t h e  b o t t o m  o f  t h e  t u b e s  w h i l e  t h e  n o n c o n d e n s a b l e  p r o d u c t  t o  p a s s  
t h r o u g h  a b r i d g e  a c r o s s  t h e  t u b e  arms, 

A 20 g r a m  s a m p l e  o f  -35+40 mesh  A u s t r a l i a n  o i l  s h a l e  w a s  
u s e d  f o r  e a c h  e x p e r i m e n t .  For a n  i s o t h e r m a l  m e a s u r e m e n t  t h e  
r e t o r t e r  was p r e h e a t e d  t o  a t e m p e r a t u r e  a b o u t  100 C h i g h e r  t h a n  t h e  
r e a c t i o n  t e m p e r a t u r e  t o  f a c i l i t a t e  a n  e a s y  a n d  f a s t  c o n t r o l  of t h e  
t e m p e r a t u r e .  For a n o n i s o t h e r m a l  m e a s u r e m e n t  t h e  r e t o r t e r  w a s  
h e a t e d  u p  a t  a l i n e a r  h e a t i n g  r a t e  o f  10 C / m i n ,  w h i c h  w a s  f o u n d  t o  
b e  i d e a l  f o r  k i n e t i c  m e a s u r e m e n t .  T h e  s w e e p  g a s  was s e n t  i n t o  t h e  
r e t o r t e r  a t  t h e  n o m i n a l l y  same t e m p e r a t u r e  a s  t h e  s h a l e  s a m p l s  f o r  
b o t h  i s o t h e r m a l  a n d  n o n i s o t h e r m a l  m e a s u r e m e n t .  T h e  f l o w  r a t e  u s e d  
was 2 c c ( S T P ) / s e c  a n d  if e q u i v a l e n t  t o  t h e  v a p o r  h o u r l y  s p a c e  
v e l o c i t i e s  o f  720 h o u r -  . S i n c e  t h e  l e n g t h  o f  t h e  c o n n e c t i n g  l i n e  
b e t w e e n  t h e  r e t o r t e r  a n d  t h e  c o l l e c t i o n  t u b e  was k e p t  s h o r t  a n d  t h e  
t e m p e r a t u r e  was k e p t  h i g h  e n o u g h  t o  k e e p  t h e  p r o d u c t  a s  a v a p o r  a n d  
t h e  l i q u i d  h o l d u p  i n  t h e  r e t o r t  was n e g l i g i b l e .  

DATA A N D  ANALYSIS 

N i t r o g e n  R e t o r t i n g  K i n e t i c  p a r a m e t e r s  f o r  t h e  p y r o l y s i s  o f  
A u s t r a l i a n  a n d  e a s t e r n  a n d  w e s t e r n  U.S. o i l  s h a l e s ,  u n d e r  n i t r o g e n  
s w e e p  g a s  c o n d i t i o n s  a r e  s u m m a r i z e d  i n  T a b l e  1. A s  shown  i n  t h e  
t a b l e ,  t h e  r e l a t i v e  r a t e s  o b t a i n e d  f r o m  i s o t h e r m a l  a n d  
n o n i s o t h e r m a l  m e t h o d s  a r e  n e a r l y  t h e  same a t  450 C. However .  t h e  
k i n e t i c  p a r a m e t e r s  o b t a i n e d  f r o m  n o n i s o t h e r m a l  r e t o r t i n g  m a y  g i v e  a 
m o r e  r e a l i s t i c  s e t  o f  e n g i n e e r i n g  i n f o r m a t i o n  o f  t h e  o v e r a l l  
k i n e t i c  p a r a m e t e r s  f o r  t h e  d e s i g n  o f  e f f i c e n t  a n d  e c o n o m i c a l  
r e t o r t i n g  p r o c e s s e s ,  s i n c e  i t  comes c l o s e r  t o  a c t u a l  r e t o r t e r  
c o n d i t i o n s .  It  s h o u l d  b e  n o t e d  t h a t  t h e  l o w e r  r e l a t i v e  r e a c t i o n  
r a t e  f o r  N o r t h  C a r o l i n a  s h a l e  was d u e  t o  t h e  f a c t  t h a t  t h e  
r e t o r t i n g  of t h i s  s h a l e  r e q u i r e d  a much h i g h e r  i n i t i a l  r e t o r t i n g  
t e m p e r a t u r e  t h a n  t h o s e  f o r  t h e  o t h e r  s h a l e s  s t u d i e d .  T h e r e f o r e ,  t h e  
p r a c t i c a l  r e t o r t i n g  t e m p e r a t u r e s  u n d e r  n i t r o g e n  s w e e p  g a s  
c o n d i t i o n s  r a n g e s  f r o m  400 t o  500 d e g r e e s  C e l c i u s  f o r  a l l  t h r e e  
t y p e s  o f  A u s t r a l i a n  s h a l e s  w h i c h  m a t c h e s  t h e  p r a c t i c a l  r e t o r t i n g  
c o n d i t i o n s  o f  most o f  t h e  w e s t e r n  U.S. s h a l e s .  
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Table 1. K i n e t i c  Parameters f o r  N i t rogen R e t o r t i n g  o f  

Aus t ra l i an  and Eastern Uni ted States Shales 

A c t i v a t i o n  Arrheni  us 
Shale Type Energy, Frequency Factor, R e l a t i v e  Rates 

KJ/mol (sec) - l  a t  45OOC 

N 190.09 4.1 7x1Ol2 1 .ooo 
Rundle 

I 180.89 9.10 x l  0" 1.008 

' N  127.36 9 .05~1 O7 0.739 

I 116.79 1 .74x107 0.825 
Stuar t  

Condor 
N 114.83 9 .92~1  O6 0.652 

I 104.08 1 .94~1 O6 0.762 

N 170.62 3.54~1 O L 0  0.217 

I 185.32 3 . 5 3 ~ 1 0 ~ ~  0.187 
Ohio 

N 203.11 5 .74x10L2 0.158 

I 201.37 5.74~1 Oi2 0.173 
West V i  r g i  n i  a 

N 193.40 6 .92x108 1 . 5 0 ~ 1 0 - ~  
Nor th  Carol i na 

I 204.62 4 . 7 4 ~ 1 0 ~  1 .oi x i  0-4 

Colorado N 182.58 5 . 6 2 ~ 1 0 ~ ~  0.471 

N denotes nonisothermal run 

I denotes isothermal run 
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Table 2. K i n e t i c  Parameters for  Carbon D iox ide  R e t o r t i n g  o f  

A u s t r a l i a n  and Eastern Uni ted States Shales 

A c t i v a t i o n  Arrheni us 
Shale Type Energy, Frequency Factor,  Re1 a t i  ve Rates 

KJ/mol ( se t ) - '  a t  450°C 

N 252.17 1 .39x10i7 1 .ooo 
Rundle 

I 243.33 3 .48x1Ol6 1.090 

N 154.01 1.21x10'0 1.076 

I 141.02 1 .61x109 1.243 
S t u a r t  

N 21 7.24 5.92~10'" 1.422 

I 209.17 1 .65x1Ol4 1.518 
Condor 

N 141.23 4.45~1 O8 0.332 

I 136.07 2 .33x108 0.410 
Ohio 

N 183.56 2.27~10' 0.148 

I 178.32 1.11x10" 0.173 
West V i r g i n i a  

N 21 1.37 8 . 4 3 ~ 1 0 ~  5 . 3 8 ~ 1 0 ' ~  

I 202.91 2.1 3x109 5.55~10" 
Nor th  Carol i na 

Colorado N 189.96 6 . 8 9 ~ 1 0 ' ~  1.548 

N denotes nonisothermal run  

I denotes iso thermal  run  
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F i g u r e  1.  F i g u r e  2. 
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F i g u r e  3. 

F i g u r e  1. N o n i s o t h e r m a l  
K i n e t i c  Measurement o f  
S t u a r t  S h a l e  u n d e r  N and 
C02.-35+40 mesh; 10  $/min; 
2 cc (STP) /sec .  

F i g u r e  2. N o n i s o t h e r m a l  
K i n e t i c  Measurement o f  
Rund le  S h a l e  u n d e r  N2 and 
C02. (same c o n d i t i o n s  as 
F i g u r e  1.)  

F i g u r e  3 .  N o n i s o t h e r m a l  
K i n e t i c  Measurement o f  
Condor S h a l e  u n d e r  N2 and 
C02. (same c o n d i t i o n s  as 
F i g u r e  1.) 
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C a r b o n  D i o x i d e  R e t o r t i n g  K i n e t i c  p a r a m e t e r s  f o r  t h e  p y r o l y s i s  o f  
A u s t r a l i a n  a n d  e a s t e r n  a n d  w e s t e r n  o i l  s h a l e s  u n d e r  c a r b o n  d i o x i d e  
s w e e p  g a s  c o n d i t i o n s  a r e  s u m m a r i z e d  i n  T a b l e  2. F i g u r e s  1, 2, a n d  
3 show t h e  e x p e r i m e n t a l  d a t a  f o r  n o n i s o t h e r m a l  k i n e t i c  m e a s u r e m e n t  
o f  p y r o l y s i s  o f  S t u a r t ,  C o n d o r ,  a n d  R u n d l e  s h a l e s  u n d e r  n i t r o g e n  
a n d  c a r b o n  d i o x i d e  s w e e p  g a s  c o n d i t i o n s .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h e  d i f f e r e n c e  i n  k i n e t i c  p a r a m e t e r s  b e t w e e n  n i t r o g e n  a n d  c a r b o n  
d i o x i d e  r e t o r t i n g  c o n d i t i o n s .  T h i s  i s  b e l i e v e d  t o  b e  d u e  t o  t h e  
d i f f e r e n c e  i n  k e r o g e n  s w e l l i n g  i n  b o t h  g a s e s  a n d / o r  t h e  d i f f e r e n c e s  
i n  m o l e c u l a r  p e n e t r a t i o n  i n t o  p o r e s  b e t w e e n  n i t r o g e n  a n d  c a r b o n  
d i o x i d e .  I t  h a s  b e e n  known among t h e  r e s e a r c h e r s  t h a t  t h e  k e r o g e n  
i n  o i l  s h a l e  s w e l l s  b e t t e r  i n  t h e  c a r b o n  d i o x i d e  medium t h a n  t h e  
n i t r o g e n  medium. T h i s  i s  why c a r b o n  d i o x i d e  r e t o r t i n g  i s  a l w a y s  
k i n e t i c a l l y  f a s t e r  t h a n  n i t r o g e n  r e t o r t i n g  a t  n o m i n a l l y  i d e n t i c a l  
p r o c e s s  c o n d i t i o n s .  

SUMMARY 

T h e  p y r o l y s i s  k i n e t i c s  o f  v a r i o u s  A u s t r a l i a n  o i l  s h a l e s  
were e x p e r i m e n t a l l y  o b t a i n e d  u s i n g  b o t h  i s o t h e r m a l  a n d  
n o n i s o t h e r m a l  r e t o r t i n g  t e c h n i q u e s .  T h e  r e s u l t s  f r o m  t h e  t w o  
m e t h o d s  c o m p a r e d  f a v o r a b l y  w i t h  e a c h  o t h e r  o v e r  a p r a c t i c a l  r a n g e  
o f  r e t o r t i n g  t e m p e r a t u r e s .  T h e  p y r o l y s i s  r e a c t i o n  o f  t h e  
i n v e s t i g a t e d  A u s t r a l i a n  o i l  s h a l e s  f o l l o w e d  a g l o b a l  f i r s t - o r d e r  
k i n e t i c s  v e r y  c l o s e l y  a n d  t h e  a c t i v a t i o n  e n e r g i e s  r a n g e  f r o m  110 t o  
250 k J / g m o l e ,  d e p e n d i n g  on t h e  t y p e  o f  s h a l e .  T h e s e  v a l u e s  c l o s e l y  
f o l l o w e d  t h o s e  f o r  e a s t e r n  a n d  w e s t e r n  U.S. o i l  s h a l e s  r e t o r t e d  
u s i n g  t h e  same e x p e r i m e n t a l  s y s t e m .  E v e r y  p o s s i b l e  e f f o r t  h a s  b e e n  
made t o  e l i m i n a t e  t h e  i n t e r n a l  a n d  e x t e r n a l  mass t r a n s f e r  i n f l u e n c e  
o n  t h e  k i n e t i c s  o b t a i n e d ,  v i z . ,  u s i n g  f i n e l y  g r o u n d  s h a l e s  a s  w e l l  
a s  p r o v i d i n g  o p t i m a l  h e a t  a n d  mass t r a n s f e r  c o n d i t i o n s .  

In a d d i t i o n ,  t h e  p y r o l y s i s  k i n e t i c s  of v a r i o u s  A u s t r a l i a n  
s h a l e s  were i n v e s t i g a t e d  b o t h  u n d e r  n i t r o g e n  s w e e p  g a s  c o n d i t i o n s  
a n d  u n d e r  c a r b o n  d i o x i d e  s w e e p  g a s  c o n d i t i o n s  a n d  t h e  r e s u l t s  were 
d i r e c t l y  c o m p a r e d .  I t  was f o u n d  t h a t  t h e  c a r b o n  d i o x i d e  r e t o r t i n g  
p r o c e s s  e x h i b i t s  a k i n e t i c a l l y  f a s t e r  r a t e  o f  o i l  e v o l u t i o n  f r o m  
a l l  t h e  A u s t r a l i a n  s h a l e s .  T h i s  r e s u l t  was t r u e  r e g a r d l e s s  o f  i t s  
i m p a c t  o n  t h e  o v e r a l l  y i e l d  f r o m  t h e  s h a l e  a n d  was e q u a l l y  v a l i d  
f o r  o t h e r  t y p e s  o f  o i l  s h a l e s  i n c l u d i n g  t h e  E a s t e r n  a n d  Western 
U.S. o i l  s h a l e s .  
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